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Introduction
The selective loss ofCD4' T helper cells in relatively late stages of human immunodeficiency virus (HIV) infection is well documented (1, 2) . At first this was believed to be the only mechanism by which HIV does induce immunodeficiency leading to AIDS-related complex and acquired immunodeficiency syndrome (AIDS). However, next to quantitative effects of HIV infection, qualitative functional defects have been reported in CD4' T cells from AIDS patients (3, 4) . More recently, we provided evidence that HIV infection affects the immune system before CD4+ T cell depletion can be noted (5) . T cells from early asymptomatic HIV-infected persons, who still had normal numbers of circulating CD4+ T helper cells, had decreased T helper activity for polyclonal B cell differentiation (5, 6) . Other investigators provided evidence that proliferative responses to foreign antigens, soluble or in the context of autologous major histocompatibility molecules (self + X), but not to alloantigens or the lectin phytohemagglutinin, were decreased in a significant proportion of asymptomatic HIV-positive men (4, (7) (8) (9) (10) . Shearer et al. (4, 7, 8) demonstrated a selective loss of T cell reactivity, both with respect to proliferation and generation of CTL in response to self + X in early HIV-infected men. The T cell nonresponsiveness to self + X could be restored by rIL-2 or by co-stimulation by self + X plus allogeneic cells (ALLO) (4) .
In a previous study we reported that T cells from HIV-infected asymptomatic men were relatively unresponsive to stimulation by soluble anti-CD3 monoclonal antibodies (MAb). This T cell unresponsiveness was shown to be intrinsic because it could not be corrected by the addition of normal donor monocytes as accessory cells (5) .
Since T cell responses to soluble anti-CD3 MAb, similar to antigen-specific responses are critically dependent on intimate contact between monocytes and T lymphocytes (1 1, 12) , other T cell membrane receptors next to CD3/TCR may contribute to the observed defective response in T cells from HIV-infected men. Next to CD3/TCR involvement of CD2, CD 1 a and CD28 membrane molecules in human T cell activation has been demonstrated (1 1, 13, 14) . T cell activation through both the CD3/TCR complex and CD2 is accompanied by a rise in intracellular-free Ca2+ concentration ([Ca2+]i) and activation of protein kinase C (PK-C),' whereas it has been suggested that triggering via CD28 occurs through an alternative route independent of PK-C (14) (15) (16) (17) .
In this study we analyzed the T cell unresponsiveness in asymptomatic HIV-infected men in well-defined T cell activation systems using MAb against CD3, CD2, and CD28. Moreover, early biochemical events after triggering with anti-CD3 and CD2 MAb were measured. Our data indicate that the selective unresponsiveness in T cells from asymptomatic HIV-infected men cannot be explained by a defect in the early intracellular signaling pathways. However phenotypical analysis revealed a selective depletion of CD29+ memory T cells.
This imbalance between naive and memory T cells may well
explain the observed selective unresponsiveness to self + X and anti-CD3 MAb and may have consequences for anti-HIV specific immunity in early HIV infection.
Methods
Monoclonal antibodies. The MAb used, CLB-T3/3 (IgG2a), CLB-T3/ 4.1 (IgG 1), and CLB-T3/FITC (fluorescein iso-thio cyanaat conjugated) specific for CD3, anti-CD2 MAb CLB-T 11. 1/2 and CLB-Tl 1.1/1, CLB-T4/FITC specific for CD4, CLB-T8/FITC specific for CD8, CLB-CD28/1 (15E8) specific for CD28 (13, 14, 18) and FITC-conjugated goat anti-mouse IgG, were all produced by the Central Laboratory of the Netherlands Red Cross Blood Transfusion Service (CLB) (Amsterdam, The Netherlands). The CD2 MAb 9-1 was kindly provided by Dr. B. Dupont (Memorial Sloan-Kettering Cancer Institute, New York).
The expression of membrane antigens CD3, CD29, and CD45RA (see Tables III and IV) was determined using FITC-conjugated OKT3 (Ortho Pharmaceutical, Raritan, NJ) and phycoerythrin conjugated 4B4 and 2H4 MAb (Coulter Immunology, Hialeah FL). Membrane fluorescence was quantified on a EPICS-C cytofluorometer (Coulter Electronics Inc., Hialeah, FL). In these experiments 10,000 gated CD3+ lymphocytes were analyzed.
Cells. Mononuclear cells (MNC) were isolated by Percoll density gradient centrifugation from heparinized blood of seropositive and seronegative asymptomatic homosexuals selected for having normal numbers of circulating monocytes, B cells, and CD4+ cells. These men take part in a prospective cohortstudy in Amsterdam and have been described in detail before (5, 6) .
MNC were depleted for CD45RA+ T cells using the MAb 2H4 (Coulter Immunology) and anti-mouse Ig coated magnetic beads (dynabeads M450; Dynal A.S., Oslo, Norway).
Briefly, cells (5. 106/ml) were incubated with 2H4 (10 Mg/ml) at 4°C. After I h cells were washed twice and resuspended in PBS supplemented with 2% FCS. To each milliliter of this cell suspension, containing 5.106 cells, 50 Ml of anti-mouse Ig coated dynabeads suspension was added. Finally, 2H4+ T lymfocytes were removed making use of a magnetic particle concentrator (Dynal MPC 1; Dynal A.S.).
T cell proliferation assays. T cell proliferation assays have been described in detail before (11, 14) . In brief, flat bottom wells (Nunc, Roskilde, Denmark) were coated overnight at 4°C with anti-CD3 MAb, CLB-T3/3 (1 or 5 ug/ml) in PBS. The plates were washed three times with PBS before use. The anti-CD2 MAb CLB-T 1.1/2 (14) and 9-1 and the anti-CD28 MAb (CLB-CD28/1) (18) 
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HIV the presence ofthe anti-CD2 combination and I04 2,000-rad irradiated healthy donor monocytes for 3 d. The phorbol ester phorbol myristate acetate (PMA) was used at 10 and 100 ng/ml in the presence of irradiated monocytes in 3-d cultures. During the last 4 h of culture, 0.73 kBq [3Hlthymidine was added to measure cell proliferation.
Measurement of the free intracellular Ca2+ concentration and intracellular pH. Cytoplasmic-free Ca2+ concentration was measured on a Shimadzu spectrofluorometer as described (19) . MNC (1. 106/ml) were loaded with Indo-l in Hepes medium (pH 7.4) containing 132 mM NaCl, 6 mM KCI, 1 mM Na2HPO4, 5 mM glucose, 20 mM Hepes, 1 mM CaC12, 1 mM MgSO4, and 1% serum albumin (Calbiochem-Behring Corp., San Diego, CA) (1 gM) (20) . Anti-CD3 MAb CLB-T3/3 (10 ,sg/ml), anti-CD2 MAb CLB-T1 1.1/1, and T1 1.2/1 (10 Mg/ml) or ionomycine (1 gM) were added under stirring to the cell suspension.
Intracellular alkalinization induced by PMA in MNC was measured under similar conditions after loading of the cells with the pH sensitive dye BCECF (5 MM) according to the method described by Moolenaar et al. (19) .
Statistical analysis. Statistical significance of the observed differences between studied groups was evaluated using the nonparametric two-sided Wilcoxon-Mann-Whitney rank test.
Results
Proliferative responses in T cells from HIV-infected men. We previously described an accessory cell-independent T cell activation assay using immobilized anti-CD3 MAb (1 1, 21) . In contrast to proliferative responses to antigen or soluble anti-CD3 MAb that are critically dependent on accessory cells, this culture system allows one to study T cell activation by anti-CD3 triggering independent of activation mediated by CD2, LFA-1, and other accessory molecules. In this system T cells from asymptomatic HIV+ men, with normal numbers of CD4+ T cells, showed a significantly (P < 0.01) lower proliferative response compared with those of HIVmen ( Fig. 1 A) . In other T cell activation systems we (5) and others (22, 23) already observed a decreased reactivity of both purified CD4+ as well as CD8+ T cells. This shows that the poor responsiveness to anti-CD3 MAb indeed is an intrinsic property of T cells from HIV-infected individuals and cannot be accounted for by * P co.oi1 suppressive effects of CD8+ T cells. The unresponsiveness could be overcome by addition of exogeneous 11-2 (23a) as has been described in an antigen-specific system (4) . To test if the lack of activation is due to specific alterations at the membrane level, in particular the CD3/TCR complex, or reflects a more generalized unresponsiveness of the T cell population, T cell activation via other membrane receptors was tested. A comparable difference (P < 0.01) in T cell proliferation was observed when MNC of both groups were activated with a mitogenic combination of two anti-CD2 MAb ( Fig. 1 B) . These activations were performed in the presence of an excess of normal monocytes to rule out a lack of accessory cell function in the system. Immunofluorescence studies revealed that the low anti-CD3and anti-CD2-induced responses in HIV-infected men could not be attributed to altered expression of these antigens (data not shown). In contrast to the decreased response to anti-CD3 and anti-CD2 MAb, anti- CD28 MAb in synergy with anti-CD2 MAb (Fig. 2 A) , anti-CD3 MAb (Fig. 2 B) , and PMA ( Fig. 2 C) induced strong proliferative responses in T cells from both HIV-and HIV+ men. The relative proliferation enhancement induced by the anti-CD28 MAb (CLB-CD28/1 [18] ) was the same for the two groups as reflected by approximately equal stimulation indices for HIV+ and HIVmen (Fig. 2) , which suggests an intact CD28 activation pathway in HIV-infected men. The response however induced by the combination of anti-CD28 MAb and the respective primary stimuli in T cells from HIV-infected men never equaled the response induced by these combinations in T cells from HIV negative men. Analysis ofintracellular activation pathways. Since the enhancement of T cell activation by anti-CD28 was found to be relatively normal, it could be argued that the low proliferative responses via CD2 and CD3 might be caused by a failure to activate the intracellular signaling pathway shared by CD3 and CD2 receptors. Ligand binding to CD2 and CD3 results in hydrolysis of phosphatidyl-inositol-bisphosphate leading to the formation of at least two second messengers, inositol-triphosphate and diacylglycerol, responsible for a rise of [Ca2+1J and activation of PK-C, respectively (15) (16) (17) . No significant differences in the anti-CD3 and anti-CD2 MAb-induced rises of [Ca2+]i could be demonstrated in T cells from five seronegative heterosexual and homosexual men and five healthy seropositive homosexual men (Table I ). Since the early signaling after CD3 and CD2 receptor triggering was normal it was tested whether PMA, a direct activator of PK-C (24), was able to induce T cell proliferation in T cells from HIV-infected men. These proliferative responses were measured in the presence of excess of healthy donor monocytes since PMA-in-Loss ofMemory T Cells in Human Immunodeficiency Virus Infection 295 duced proliferation is dependent on accessory cells (25) . Compared to HIV-homosexual men, T cells from seropositive men showed significantly lower proliferative responses to PMA (Table II) . This could be due to a failure of PMA to activate PK-C in these cells. Alternatively it could be that PK-C is normally activated but there is a lack ofresponse distal from PK-C. PK-C phosphorylates, among other proteins, the Na+/H' antiporter (26) resulting in the activation of this translocator. PMA-induced rise of intracellular pH is a reflection of PK-C activation (27) . In contrast to PMA-induced proliferation, qualitative (not shown) nor quantitative (Table II) differences in the PMA-induced alkalinization were observed with mononuclear cells of six randomly selected HIVand HIV+ men. This suggests that there is not a defect in early biochemical signalling events that underlies the unresponsiveness in T cells from HIV-infected men.
Selective loss ofCD29+ memory T cells accountsfor loss of T cell reactivity in early HIV infection. With respect to their functional properties, unresponsiveness to self + X, anti-CD2 and anti-CD3 MAb opposed to responsiveness to allogeneic cells, T cells from HIV+ men show a striking resemblance to what recently has been postulated to be naive (immature) human T cells (28) (29) (30) (31) (32) . In normal donors memory T cells are characterized by the expression of CD29 whereas naive cells lack CD29 and express high levels of CD45RA (28-32). To investigate whether the observed relative unresponsiveness in T cells from HIV-infected men was caused by changes in the ratio of naive and memory T cell populations, the expression 50,000 MNC were cultured for 3 d in the presence of irradiated healthy donor monocytes that were obtained by counterflow centrifugation elutriation and the indicated amount of PMA. PMA-induced proliferation of T cells from HIV+ men was significantly decreased (P < 0.05). ofCD29 and CD45RA was tested. Table III shows that peripheral blood T cells from HIV+ men contained a significantly decreased number of CD3+CD29+ memory cells compared to HIVcontrols. Except for one person the number CD45RA+ cells was unchanged in HIV+ men. This is in agreement with results reported before on CD29 expression in early HIV infection (33) .
Next it was investigated whether loss of memory T cells could account for the decreased T cell reactivity in HIV-infected men. In this experiment anti-CD3 MAb induced T cell proliferation, of MNC from a low and a high seropositive responder that were depleted for CD45RA+ T cells, was measured. It can be noted that within an individual there is a positive correlation between the degree of responsiveness and the number of CD29+ T cells (Table IV) . Depletion of CD45RA' cells results, in both the control donor and the HIV infected individuals, in enhancement of anti-CD3 induced T cell proliferation. This effect is most clearly visible in the HIV+ donor with a low number ofCD29' T cells. These data suggest that circulating memory T cells in HIV-infected men are competent and that the impaired T cell reactivity is based on an imbalance of T cell subsets.
Discussion
In this study we have shown that T cells from asymptomatic HIV-infected men are relatively unresponsive to activation via CD2 and the CD3/TCR complex. These cells, however, have a quite normal response to activation signals provided by anti-CD28 MAb. The unresponsiveness is not caused by a failure to initiate an early biochemical messenger in the intracellular signal transduction route, since both the rise in [Ca2+,] induced by anti-CD3 and anti-CD2 MAb and PK-C activation by PMA appear to be normal. Functional and phenotypical studies presented in this paper suggest that this unresponsiveness is caused by an imbalance between naive and memory T cells in early HIV-infected men. Table V summarizes the data with regard to functional properties of T cells from early HIV-infected men and naive and memory T cells as they have been described in normal donors. T cells from asymptomatic HIV+ men and naive CD29-CD45RA' normal donor T cells respond to PHA, alloantigens, and 11-2, but have a poor proliferative response to soluble and virus-specific antigens, anti-CD3 MAb and mitogenic combinations of anti-CD2 MAb (3, 5, 6, 15, (28) (29) (30) (31) (32) 34) . In our laboratory it was demonstrated that the poor response to anti-CD3 and anti-CD2 MAb in naive T cells could be enhanced by co-stimulation with anti-CD28 MAb although the responses in naive T cells remained lower than those in memory T cells (de Jong et al., manuscript in preparation). Moreover, memory T cells but not naive normal T cells nor T cells from HIV+ men produce gamma interferon (31, 35) . At present the cell biological mechanisms underlying the functional differences between naive and memory cells are not known. In addition to these functional data, we demonstrated that in asymptomatic HIV-infected men there is a specific loss of CD29' T cells. In these men the number of CD29' cells was decreased twofold compared to HIV-negative men, without a With respect to the mechanism by which HIV infection results in an imbalance between naive and memory T cells in asymptomatic HIV-infected men, one can envisage at least three possible explanations. Since retroviruses preferentially integrate in proliferating cells (36) this would implicate that memory T cells upon antigenic activation in vivo might be the main target cells to be infected, to produce HIV, and to die or to be efficiently cleared by HIV-specific cytotoxic T cells (37, 38) . Elevated renewal of the T cell pool by influx of naive T cells may keep the absolute number of T cells constant but results in an increase ofthe number ofCD29-CD45RA' naive T cells. On the other hand it can be postulated that HIV indirectly interferes with T cell education and maturation by infection of antigen-presenting cells resulting in lowered expression ofclass II MHC molecules (39-42) and diminished accessory function (5, (41) (42) (43) . This also would result in elevated numbers of naive T cells that fail to respond to antigenic stimuli due to their intrinsic functional properties. Finally, it could be that by direct infection of T cells HIV induces an unresponsiveness to antigenic stimulation and a failure to differentiate from naive precursors to mature memory cells. In a recent paper Linette et al. (44) observed selective defects in early activation of cultured T lymphocytes obtained from normal donors that had been infected with HIV in vitro. In that modelsystem, where as many as 40% of the anti-CD3 and I-2-activated cells in culture expressed HIV antigens, functional defects most likely result from direct effects ofHIV infection ofT cells. In HIV-infected individuals, however, only 0.01% of peripheral blood leukocytes are infected with HIV or express HIV antigens (45) , ruling out the possibility that unresponsiveness observed in T cells is directly due to infection with HIV.
The finding of a generalized functional impairment in T cells early in the course of HIV infection, suggests a more complex interaction between HIV and the immune system than was initially believed. An early effect of HIV infection on T cell responses to self + X, including the anti-HIV response (46) , may disturb the balance between virus and host defense. Data from our laboratory indicate that early after seroconversion in clinically healthy men who have stable CD4+ T cell numbers, only low virulent HIV variants can be isolated. During the course of infection more virulent HIV variants arise that are associated with CD4+ T cell loss and development of disease (47, 48) . The combined immunological and virological findings in our laboratory suggest that the development of more virulent variants may be controlled by anti-HIV immunity (37, 38, 49) and that decreased responses to self+ X allow for more overt HIV replication resulting in the emergence of virulent HIV variants and subsequent CD4+ cell depletion and development of disease (48, 50) . Loss ofMemory T Cells in Human Immunodeficiency Virus Infection 297
